Purpose of Review Functional magnetic resonance imaging (fMRI) using visual food cues provides insight into brain regulation of appetite in humans. This review sought evidence for genetic determinants of these responses. Recent Findings Echoing behavioral studies of food cue responsiveness, twin study approaches detect significant inherited influences on brain response to food cues. Both polygenic (whole genome) factors and polymorphisms in single genes appear to impact appetite regulation, particularly in brain regions related to satiety perception. Furthermore, genetic confounding might underlie findings linking obesity to stereotypical response patterns on fMRI, i.e., associations with obesity may actually reflect underlying inherited susceptibilities rather than acquired levels of adiposity. Summary Insights from twin studies show that genes powerfully influence brain regulation of appetite, emphasizing the role of inherited susceptibility factors in obesity risk. Future research to delineate mechanisms of inherited obesity risk could lead to novel or more targeted interventional approaches.
Introduction
The rapid increase in the prevalence of obesity in the USA over a relatively short period of 30-40 years has led to the supposition that today's obesity epidemic is almost entirely an environmental phenomenon, because genes at the population level do not change that rapidly. However, classical twin studies consistently indicate that~40-80% of the variance in BMI is due to inherited factors [1] . This apparently contradictory evidence can be reconciled by recognizing that every individual inherits a blend of protective and risk alleles of genes involved in energy homeostasis, the complex interactions among which convey relative risk of weight gain in an environment of nutritional abundance [2] . Inheritance across the whole genome, called "polygenic inheritance," can be assessed in twin studies. Polygenic inheritance influences all aspects of energy homeostasis, including the regulatory and hedonic aspects of ingestive behaviors [3••, 4-7] , whereas allelic variation in single genes has more specific effects [8] . Twin study approaches therefore have the potential to be informative about both inheritance of appetitive behaviors and the genetic factors that may put certain people at risk for obesity in the current food environment.
Use of fMRI to Understand Brain Regulation of Appetite fMRI studies using visual food cues have emerged as a useful tool for elucidating brain regulation of appetite in vivo in humans. fMRI indirectly measures neural activity in response to a stimulus. Visual food cues are the most frequently utilized stimulus because of accumulated evidence showing that the central nervous system (CNS) responses to images of food are regulated to control appetite and, perhaps, food intake as well. Visual images of food, particularly highly energetic foods, powerfully stimulate specific brain areas active in regulating energy homeostasis and reward processing [9] [10] [11] [12] [13] [14] [15] . Regional neural responses to visual food cues are suppressed by food ingestion [16, 17] and increase during fasting [15] . Moreover, specific CNS responses are reduced by anorexigenic appetiteregulating hormones [18] [19] [20] [21] [22] and enhanced by ghrelin, an orexigenic hormone [23] . The overall state of energy balance also modifies regional responses to visual food cues [12, 24] . Further, the strength of the effect of food ingestion on regional brain responses to high-calorie visual food cues provides a surrogate neurobiological measure of satiety in humans [16] . Accordingly, investigators have applied fMRI using visual food cues to better understand the neural basis of obesity. Studies [13, 17, [25] [26] [27] have suggested that obese persons show alterations in these responses, including evidence for increased activation of brain reward areas, altered activation of circuits involved in self-regulation, and differential responses to satiety, which could combine to promote overeating [28] . Recently, investigators have begun parsing the relative genetic and environmental influences on these responses using twin study approaches, the design of which varies according to the study purpose (Table 1) . These studies have important implications for understanding the inherited basis of appetite regulation and obesity in humans.
Evidence from Behavioral Studies that Food Cue Responsiveness Is an Inherited Trait
Twin Studies The motivation for using twin studies to examine genetic influences on neural responses to food cues rests crucially on the existence of behavioral evidence for inherited influences on food cue responsiveness, i.e., the extent to which external food cues trigger a person to eat. External cue responsiveness was first implicated in obesity in classic studies by Schacter [31] . More recently, genetic influences on this appetitive characteristic have been assessed within classical twin studies of children and infants using parent-report measures, such as the Children's Eating Behavior Questionnaire (CEBQ) [32, 33] and the Baby Eating Behavior Questionnaire (BEBQ) [34] , and in studies of adults using self-report measures such as the Dutch Eating Behavior Questionnaire (DEBQ) [35] and Three-Factor Eating Questionnaire (TFEQ) [36] . Typically, for the classical twin study approach, intraclass correlations within twin pairs for each sex and zygosity group are used to compare within-pair resemblance on the characteristic of interest among monozygotic (MZ) twins (who are genetically identical) and dizygotic (DZ) twins (who share about half of their segregating genes). If MZ twins are more similar than DZ twins, genetic influence is inferred, with the difference in the degree of resemblance providing an indication of the heritability of the specified characteristic. Structural equation modeling can then use covariance between twins to test the fit of alternative genetic models and generate estimates of genetic effects.
Using such an approach, a UK study of 5435 MZ and DZ pairs of 8-11-year-old twins gave heritability estimates of 75% for scores on the CEBQ-Enjoyment of Food sub-scale, with shared environmental influences accounting for only 10% of correlations within twins [4] . Another parent-report questionnaire study of 147 MZ and 199 DZ twins from Quebec revealed that parents' responses about their child "eating too much" showed 87% heritability when assessed at 2.5 years of age (as well as a non-significant effect at 9 years of age) while "eating between meals" showed 24% heritability at 2.5 years of age and 81% at 9 years of age [37] . A UK study of 729 MZ and 1605 DZ infant twins revealed heritability of 59% for scores on the BEBQ-Food Responsiveness sub-scale and 53% for scores on BEBQ-Enjoyment of Food [38] .
Similar results have been obtained in adults. For example, a Korean study including 443 MZ twin pairs and 124 same-sex DZ twin pairs obtained heritability estimates of 21% for scores on the DEBQ-External Eating sub-scale [39] . A study of 129 MZ pairs and 81 DZ pairs of female twins estimated heritability of scores on the TFEQ-Disinhibition sub-scale at 45% [40] , while a study of 456 MZ and 326 DZ pairs of male twins MZ monozygotic, DZ dizygotic used a modified TFEQ to reveal 45% heritability of a composite scale assessing uncontrolled eating [41] , and a study using samples of 314 MZ and 327 DZ same-sex British and Finnish twins found that genetic influences accounted for 45-69% of variation in uncontrolled eating [42] . While heritability estimates vary substantially depending on measures, methods, and populations, these results agree in implicating a significant degree of heritability for food cue responsiveness in both children and adults.
Familial Risk Convergent evidence for the heritability of food cue responsiveness also comes from studies reporting relationships between parent weight (which is associated with offspring weight in childhood and throughout development [43] [44] [45] [46] [47] [48] [49] ) and food cue responsiveness in offspring. In one study, measuring the intake of palatable energy-dense snack foods at an Eating in the Absence of Hunger (EAH) test [50, 51] in 5-year-old children at high-vs. low-familial obesity risk, based on maternal pre-pregnancy weight, revealed that high-risk boys consumed more than twice the calories consumed by low-risk boys [52] . In another study, EAH intake was assessed in 197 girls at 5, 7, 9, 11, and 13 years of age [53] . Girls with two overweight parents ate significantly more during the EAH test and showed significantly larger increases in EAH intake over time compared to counterparts with no or only one overweight parent. Some evidence also supports correlations in food cue responsiveness between parents and offspring. Mothers' scores on uncontrolled eating as assessed by the TFEQ have been associated with those of their daughters in two separate samples (r = 0.22 [54] ; r = 0.17 [55] ), while another study observed mother-daughter correlations for scores on TFEQDisinhibition (r = 0.24) and TFEQ-Hunger (r = 0.31) [56] . A study using the DEBQ found that parents' External Eating scores correlated with those scores in their 12-year-old children [57] .
Other studies have used designs including multiple family members to generate heritability estimates. In one study of 725 4-19-year-old children from 300 Hispanic families that estimated heritability based on similarities and differences between siblings rather than twins, intake of palatable energydense snack foods at an EAH test [50, 51] was revealed to be 51% heritable [58] . Further using questionnaire measures, a family study of 624 Old Order Amish adults from 28 families obtained a heritability estimate of 40% for TFEQDisinhibition scores [59] .
Single-Nucleotide Polymorphisms Since genome-wide association approaches revealed single-nucleotide polymorphisms on the fat mass-and obesity-associated gene (FTO) to be the first common genetic variants to be associated with obesity at a population level [60] , a number of behavioral studies have converged to suggest that this variation may act in part by enhancing food cue responsiveness. In a UK study of 131 4-5 year olds in which EAH intake was assessed at the participants' homes using a free-access procedure that provided three varieties of (sweet and savory) biscuit snacks to children, those with one or two copies of the A (risk) allele for the FTO polymorphism rs9939609 consumed significantly more biscuits in the absence of hunger compared to children with no risk allele [61] . Supporting this result, other studies have demonstrated high-risk alleles on FTO to be associated with increased energy intake [62] [63] [64] [65] , increased intake of dietary fat [66, 67] and protein [68] , and perceived loss of control over eating [69] .
Evidence that Response to Visual Food Cues Is an Inherited Trait
Twin Studies Recent neuroimaging research suggests that brain response to visual food cues has inherited influences. A study by Melhorn et al. [3• •] enrolled 21 MZ twin pairs from a community-based registry in Washington state [70] . This experimental MZ design echoed formative twin studies conducted by Bouchard and colleagues showing that the amount of weight gained during 100 days of overfeeding has an inherited basis [2] as does the response to negative energy balance [71] . MZ twins are genetically identical, of the exact same age and sex, and also matched for numerous unmeasured and familial environmental factors. The experimental MZ twin study design used by both the Bouchard et al. and Melhorn et al. studies exerts an environmental stimulus on all subjects and then compares the within-pair to between-pair variance in response to the stimulus by testing for a significant intraclass correlation. If the between-pair variance is larger, then, twins are presumed to respond more similarly because of inherited and familial factors [29, 72] . In Melhorn et al., twin pairs underwent an fMRI using a visual food cue paradigm that compares activation by images of "fattening" food, "non-fattening" food, and non-food objects. Foods in the fattening group were uniformly high in energy content and were previously rated as food that should be avoided when trying to lose weight (e.g., pizza, desserts, French fries) [73] . Nonfattening food images depicted low-calorie and low-energydensity foods (e.g., fruits, vegetables, lean meats). Non-food object images depicted easily recognizable discrete items (e.g., electronics, pencils, furniture). The strength of activation by fattening food cues within specific brain regions regulating appetite and reward perception has previously been shown to be a marker of subjective satiety [16] . The identified regions participate in an extended satiety network that includes the amygdala, ventral striatum, insula, dorsal striatum, ventral tegmental area/substantia nigra, and medial orbitofrontal cortex (mOFC). Twins underwent the fMRI paradigm before and after eating a standardized meal that was titrated to 20% of each individual's estimated daily caloric needs. Before the meal, there was no evidence for inherited influences on responsivity to fattening food cues (vs. non-fattening) in a region of interest (ROI) analysis. However, after the standardized meal, twins' mean level of activation by fattening food cues across an extended satiety network was significantly more similar than that of the unrelated individuals in the study. Moreover, Melhorn et al. also found evidence for inherited influences on the extent that activation was changed by consuming the meal. Individual ROIs in which evidence for inherited influence on meal-induced satiety was the strongest were the amygdala, dorsal striatum, mOFC, and the ventral tegmental area. Because MZ twins share 100% of their genes, these data provide robust support for the conclusion that the degree of satiety induced by a meal is an inherited influence on appetite regulation with potential implications for heritability of obesity.
Additional evidence comes from a recent co-twin control study by Doornweerd et al. [74••] . They studied a sample of Dutch twins who were selected to be discordant for BMI. A discordant MZ twin study is useful for understanding to what extent a phenotype, in this case adiposity, is related to the outcome of interest, independent of genetics. This interpretation is feasible because twins are compared to each other; hence, sex, age, familial, and genomic factors are controlled by the twin design. Doornweerd et al. enrolled 16 BMIdiscordant MZ pairs who were, on average, in the overweight range. They utilized two paradigms: one measured brain activation by high-and low-calorie food images, and a second measured activation during anticipation and receipt of a small volume of chocolate milkshake onto the tongue. Their analyses focused on ROIs in the amygdala, insula, caudate nucleus, putamen, and orbitofrontal cortex (OFC). As compared to the leaner members of the pairs, they found no brain regions in which heavier twins had significantly different brain activation by either visual food cues or anticipation and receipt of the milkshake. The study has two important implications. First, it provides strong evidence that genetic pleiotropy (referring, in this case, to the phenomenon that single genes can influence more than one trait [75] ) may underlie prior findings associating obesity with brain response to food cues. In other words, genetic confounding exists such that findings relating activation to obesity could be due to genetic influences on both traits rather than adiposity itself. Second, it supports the overall inherited influence on brain response to food cues because controlling for genetics minimized responses seen in the overall group.
Familial Risk A small number of studies have used a familial risk design to investigate the heritability of neural responses to food cues. In the first study to use this approach, 35 lean adolescents with two obese or overweight parents (high-familial-risk group) and 25 lean adolescents with two lean parents (low-familial-risk group) underwent fMRI scanning while exposed to small tastes of milkshake (consummatory reward) and simple picture cues indicating imminent administration of the milkshake taste (anticipated reward). Greater caudate, frontal operculum, and parietal operculum responses to milkshake tastes were observed in the high-risk group, consistent with greater engagement of circuitry involved in taste reward during food consumption. However, there were no group differences in response to the anticipatory cues [76] . In a more recent study, 10 overweight/obese adolescents, 16 lean adolescents with obese/overweight biological mothers (high-familial-risk group), and 10 lean adolescents with lean biological mothers (low-familial-risk group) underwent fMRI scanning while viewing words denoting a variety of commonly consumed high-calorie foods, low-calorie foods, and nonfoods and providing ratings indicating how much they wanted to consume each of the foods [77] . Adolescents with high familial risk exhibited weaker activation of an attentional/ regulatory system including the dorsolateral prefrontal cortex, dorsal anterior cingulate cortex, and basal ganglia nuclei, with activation being the greatest in the lean/low-familial-risk group, intermediate in the lean/high-familialrisk group, and the weakest in the overweight/obese group. These group differences were the most apparent for neural responses to high-compared with low-calorie food words. Although this study design does not allow genetic and environmental elements of familial risk to be distinguished, these results are consistent with an inherited component to activation of self-regulatory circuits in the brain when exposed to cues recalling a variety of commonly consumed foods, particularly high-calorie foods, within an evaluative context.
Single-Nucleotide Polymorphisms
Single-gene studies have detected that allelic variation at loci linked to obesity or appetite regulation also influences visual response to food cues. Though rare, forms of monogenic obesity exert profound influences, usually in early childhood, on appetite and body weight. CNS effects of these single-gene mutations suggest that hunger and motivation for food are enhanced via genetic leptin deficiency [18, 19] whereas responses in regions associated with behavioral inhibition are diminished [18] . In eight obese individuals with melanocortin-4 receptor (MC4R) mutations, brain response to food cues in striatal regions was elevated compared to 10 subjects with obesity unrelated to MC4R. In contrast to monogenic obesity, allelic variation in FTO is associated with obesity risk at a population level [78] . fMRI studies of subjects with high-risk genotypes for FTO have shown greater responsivity to food commercials in the ventral striatum (nucleus accumbens) in children [79•] and food images in the putamen in adults [80] . Both could indicate heightened reward sensitivity or motivation for food intake, whereas findings of greater activation by food cues in the posterior fusiform gyrus in a ROI analysis suggest enhanced visual attention for food [81] . In contrast, reduced inhibitory control is supported by findings that at-risk genotype carriers show less prefrontal cortical activation by food cues after a glucose load [82] . Other studies suggest that reward learning may be altered, particularly when genetic polymorphisms that reduce dopamine-signaling capacity co-occur [83] . Taken together, these findings suggest greater responsivity to highly energetic foods in appetitive regions among people with highrisk FTO genotypes, particularly in a satiated state and in subjects with higher BMIs [80] . Finally, much attention has focused on genetic variants associated with reduced striatal dopamine receptor density (TaqIA A1 allele). Studies utilizing anticipation and receipt of palatable taste cues suggest effect modification by the presence of the risk alleles. Individuals carrying risk alleles are at risk of weight gain related to hyporesponsivity to food cues or taste receipt within dorsal striatal regions (caudate) [84, 85] , whereas in non-carriers, hyperresponsivity promotes obesity risk. While the interpretation of such findings as a deficit in experienced reward has been debated [86, 87] , inherited variability in dopaminedependent neural signaling clearly influences components of CNS appetite regulation and obesity risk directly [8, 88, 89] and via interactions with other risk genes [83, 90] .
The discrepant findings based on single-gene analyses are perhaps indicative of the relatively small influence of a single gene on the phenotype of body weight as well as the divergent CNS pathways whereby a single gene might influence obesity pathogenesis. Moreover, each individual inherits a blend of risk and protective alleles, which could also increase variability within samples enrolled in single-gene association studies. Moreover, these studies might also be misleading when genetic effects are modified by other inherited factors [83, 90] , sex, BMI [80, 81] , or the particular loci under investigation [91] . Finally, normal-weight adults with high-risk genotypes may have neural responsiveness that differs from high-risk allele carriers who are vulnerable to weight gain, and some results are derived from exclusively normal-weight samples [81, 83, 92] . For example, one study, comparing 10 normal-weight high-risk AA-genotype (FTO rs9939609) men to 10 normalweight TT low-risk men, found less responsivity to food cues in regions including the thalamus, hypothalamus, ventral tegmental area/substantia nigra, insula, globus pallidus, and hippocampus [92] . In contrast to single-gene studies, observed effects related to genetics in twin studies are attributable to the whole genome and thus inherited influences on numerous CNS pathways as well as both risk and protective factors are simultaneously investigated. These differences in approach may explain why twin studies to date show robust overall inherited influences on brain regulation of appetite whereas findings related to single genes remain incongruent. In sum, accumulated evidence from a variety of approaches strongly suggests that brain response to food cues has inherited influences, reflecting genetically driven variation in CNS appetite regulation.
Evidence that Brain Regulation of Appetite Has Environmental Influences that Are Independent of Genetics
Co-twin control studies have the unique ability to discern whether environmental influences on a trait are independent of genetics. Apart from a randomized, controlled trial, a discordant MZ twin study is the most rigorous means of approaching causal inference through an observational study [93] . The Doornweerd et al. study discussed above is an example of a study that utilized this design to refute independent environmental effects of adiposity on response to visual food cues [74••] . Instead, their negative result emphasizes the importance of inherited factors on brain regulation of appetite. The same group, however, found evidence for difference in functional connectivity between heavier and leaner twins (N = 16 pairs). Using resting-state fMRI, in which neural activity is measured in the absence of any stimulus, they showed reduced connectivity of the bilateral putamen within a basal ganglia network [94•] in heavier compared to leaner MZ twins. The finding indicates that at higher levels of adiposity, the putamen is relatively disengaged from a network of distributed brain regions governing motor as well as associative tasks [95] , regardless of genetic background. In a co-twin control study of 10 MZ twin pairs, Schur et al. found greater activation among restrained eaters by high-calorie, "fattening" food cues before eating in the left amygdala, thalamus, and occipital cortex as compared to their unrestrained-eating cotwins [96] . Restrained eaters also showed significantly greater decreases in activation by fattening food cues from before to after a milkshake in the amygdala and occipital cortex. In contrast, restrained-eating twins demonstrated significantly increased activation by non-fattening food cues after drinking a milkshake in the mOFC and occipital lobe. These findings demonstrate that adopting a long-term behavioral pattern of intentional weight control is an environmental influence that can result in acquired differences in CNS regulation of appetite.
Limitations of the Current Literature and Future Directions
While the current literature has utilized a variety of twin approaches to discern inherited influences on brain response to food cues, a classical twin study is the only design that can parse the relative genetic and environmental contributions. In the absence of such a study, the heritability of the trait of brain response to visual food cues remains unknown. Twin studies are inherently controlled for confounding by sex. This does not, however, rule out effect modification, and no studies to date have had large enough samples of male and female twin pairs to effectively test for variation in genetic influence on neural responsiveness by sex. In addition, much of the literature has used ROI approaches, and whole-brain analyses could reveal additional regions under genetic control that have not been previously examined. Finally, although hypothesized to be driving food intake, there is little evidence connecting altered brain activation by visual food cues in obesity to ad libitum food consumption. One study has positively associated responses to high-calorie food cues in the mOFC, amygdala, insula, and ventral striatum to the percentage of fat consumed at an ad libitum buffet meal [16] . A second study has correlated total calories consumed at a buffet meal with differences between brain response to food images in insula, caudate, and OFC during glucagon-like peptide-1 agonist vs. saline infusion [22] . Additional data are needed to discern the specific regions and pathways in which fMRI-assessed responses to food cues are most closely linked to food choice, macronutrient regulation, or caloric consumption. Finally, research into molecular mechanisms by which allelic variation conveys higher obesity risk is ongoing [92, 97] , but recent rodent data show that impaired leptin signaling in neurons could link polymorphisms in FTO to hyperphagia and weight gain [97, 98•] .
Conclusions
Echoing behavioral studies of food cue responsiveness, twin study approaches that assess the overall effect of the whole genome provide important evidence that brain regulation of appetite has inherited influences. To date, study results for polymorphisms in single genes have yet to coalesce around specific pathways or affected regions. Studies that use a whole-brain analytic approach include both lean and obese carriers of risk alleles, and careful control for satiety state could yield more consistent findings. Furthermore, the high heritability of obesity and the potential that this inheritance is reflected at the level of the brain make it important to consider genetic confounding in studies of obesity. Caution is warranted in interpretations that obesity or excess adiposity is an acquired trait with characteristic response patterns on fMRI. Such conclusions likely underestimate the influences of both inherited susceptibilities and potential behavioral or environmental factors that are important determinants of brain response to food cues. Future research to delineate molecular mechanisms of inherited obesity risk could lead to novel interventional approaches. In the meantime, research on the utility of translating findings of genetic susceptibility into targeted preventative and interventional strategies is needed to advance the field.
